A ferroelectric tunnel barrier in between two ferromagnetic electrodes (multiferroic tunnel junction, MFTJ), is one of the most promising concepts for future microelectronic devices. In parallel, Hafnia based ferroelectrics are showing great potential for device miniaturization down to the nanoscale. Here we utilize ferroelectric Hf0.5Zr0.5O2 (HZO) with thickness of only 2 nm, epitaxially grown on La0.7Sr0.3MnO3 (LSMO) ferromagnetic electrodes, as a large bandgap insulating barrier integrated in MFTJs with cobalt top electrodes. As previously reported for other MFTJs with similar electrodes, the tunneling magnetoresistance (TMR) can be tuned and its sign can even be reversed by the bias voltage across the junction. We demonstrate four non-volatile resistance states generated by magnetic and electric field switching with high reproducibility in this system.
Introduction
The concept of ferroelectric memory is by now a mature one 1 . The achievement of switchable ferroelectric polarization in ultra-thin films has opened possibilities for ferroelectric tunnel junctions (FTJs) [2] [3] [4] [5] . Polarization switching of the ferroelectric barrier in a FTJs results in a change of the tunneling conductance, which is known as tunnel electroresistance (TER) effect.
This phenomenon has been observed in several systems, such as BaTiO3 6, 7, 8 , Pb(Zr0.2Ti0.8)O3 9 and PbTiO3 10 . Its origin has been mainly ascribed to three possible mechanisms 5 : a) charge screening at ferroelectric/electrode interfaces affecting the potential barrier profile; b) the change in the positions of ions at the interfaces after polarization reversal, or/and c) the strain differences induced by the electric field in the ferroelectric barrier.
Nevertheless, to achieve sufficiently thin ferroelectric films remains very challenging due to several issues, such as the difficulty to fully screen the surface polarization charges 11 , the tendency of the films to form domains or other topological defects that cancel the net spontaneous polarization, the increase of the electric fields needed for polarization switching or the increase in the leakage currents. In the last few years, intensive research has been conducted on Hafnia-based thin films due to their unexpected ferroelectricity and to their CMOS compatibility. 12 Unlike all other known ferroelectrics, in Hafnia-based thin films, ferroelectricity becomes more robust as the size is decreased and it disappears above certain thickness in the range of 10-30 nm 13 . Thus, Hafnia-based thin films are highly promising as tunnel barriers for ferroelectric tunnel junctions 14 . Moreover, amorphous Hafnia is a high-k material that has been widely used as gate insulator in the microelectronic industry 15 , so these thin films have great potential for applications in the next generation of memories and logic devices, showing great advantages compared to conventional perovskite ferroelectrics.
Multiferroic tunnel junctions (MFTJs), with a ferroelectric tunnel barrier integrated between two magnetic electrodes, instead of a linear-dielectric barrier (as in magnetic tunnel junctions, MTJs), were proposed a decade ago 16 and have become one of the most promising approaches to develop low-power, high-density, multifunctional and non-volatile, memory devices 17, 18 . A MFTJ exhibits four non-volatile resistance states that can be achieved by external electric and magnetic field switching and are generated by the combination of the TER (determined by the ferroelectric polarization) and the TMR (tunnel magnetoresistance) effects. The latter originates in the dependence of the tunneling current on the parallel or antiparallel states between the two ferromagnetic electrode layers 19 . Previous studies on MFTJs have used ferroelectric tunnel barriers of BaTiO3 or PbTiO3 / Pb(Zr,Ti)O3 (PZT), sandwiched between La0.7Sr0.3MnO3 (LSMO) and Co magnetic electrodes [20] [21] [22] .
Up to now, in Hafnia-based system, only amorphous, undoped and not ferroelectric layers have been used as tunnel barrier in magnetic tunnel junctions (MTJs) 23, 24 . In our recent work, In addition, TMR effect disappears for temperatures above 250 K ( Supplementary Fig. S1 ), in agreement with most studies performed on other MFTJs with LSMO and Co electrodes. 22 While the Curie temperature of LSMO magnetic electrode is found to be around 350 K ( Supplementary Fig. S2 ), the disappearance of TMR at lower temperatures could be a result of either the decrease of the spin polarization of LSMO at the interface with HZO, and/or the spinindependent tunneling through impurity levels in the barrier activated upon increasing the temperature. [30] [31] [32] [33] [34] Junctions with different sizes have been fabricated, and six of them with a STO/LSMO/HZO (2nm)/Co stack were connected to a chip carrier and measured. They all show TMR ratios between 5% and 7% under -0.2 V bias at the temperature of 50 K (Fig. 2d) . This high reproducibility in the properties of junctions proves the excellent quality of the HZO tunnel barrier, despite the domain-like nanostructure of the films 25 . In addition, the resistance-area product (RA) is greater than 600 M • µm² for all junctions shown in Fig.2d , which is orders of magnitude higher than typically encountered in MFTJs with perovskite ferroelectric layers 22 , again highlighting the performance of ultrathin HZO as tunnel barrier.
Results and discussion

Four resistance states
In the present case of the HZO barrier, we observe a resistance switching behavior as seen in previous works on conventional perovskite ferroelectric barriers [6] [7] [8] [9] 35 . A resistance hysteresis loop indicating memristive behavior is shown in Fig. 3a . Moreover, in the case of the HZO barrier, TMR(V) curves are also plotted in Fig. 4b at different temperatures. The bias at which the TMR sign changes is defined as VTMRsign. Interestingly, we observe that VTMRsign increases with temperature, from ~0.1 V at 20 K to ~0.35 V at 200 K, as shown in Fig. 4c (in blue) . This could be due to the decreasing spin polarization of LSMO at the interface with HZO with increasing temperature, as the decrease of TMR shows a similar trend (plotted in black in Fig. 4c with values extracted from Fig. S1 ).
Conclusion
We 
